Abstract. Nonlinear dynamic analysis of a reinforced concrete (RC) frame under earthquake loading is performed in this paper on the basis of a hysteretic moment-curvature relation. Unlike previous analytical moment-curvature relations which take into account the flexural deformation only with the perfect-bond assumption, by introducing an equivalent flexural stiffness, the proposed relation considers the rigid-bodymotion due to anchorage slip at the fixed end, which accounts for more than 50% of the total deformation. The advantage of the proposed relation, compared with both the layered section approach and the multi-component model, may be the ease of its application to a complex structure composed of many elements and on the reduction in calculation time and memory space. Describing the structural response more exactly becomes possible through the use of curved unloading and reloading branches inferred from the stress-strain relation of steel and consideration of the pinching effect caused by axial force. Finally, the applicability of the proposed model to the nonlinear dynamic analysis of RC structures is established through correlation studies between analytical and experimental results.
Introduction
Reinforced concrete (RC) frame structures in regions of high seismic risk generally experience many earthquakes, developing inelastic deformations when subjected to strong ones. Present seismic design recommendations (FEMA-273 1997 , Seaoc 1999 ) also intend that structures respond elastically only to small magnitude earthquakes, but should be expected to experience different degrees of damage during moderate and strong ground motions. Accordingly, a complete assessment of the seismic resistant design of RC frame structures often requires a nonlinear dynamic analysis. The nonlinear dynamic responses of RC frame structures under earthquake excitations are usually developed at certain critical regions, which are often located at points of maximum internal forces such as the beam-column joints. This means that an accurate numerical model able to simulate the hysteretic behavior of RC columns and beams is necessary in order to exactly predict the nonlinear response of the frame structures. Since earthquake-induced energy is dissipated through the † Associate Professor ‡ Graduate Student formation of plastic hinges in the beams and columns, the determination of influence factors that affect to the nonlinear response at a joint is an essential step in the construction of a numerical model. Typically, initial stiffness, bond-slip, anchorage slip, shear span ratio, and axial force effects are some of the influence factors that must be included in the numerical model because the major sources of deformation in RC frame structures are the flexural rotation, shear deformation including shear sliding, and the bond-slip. The hysteretic load-deformation behavior of a frame member arises from a combination of these deformation mechanisms.
Many analytical models have been proposed to date for the nonlinear analysis of RC frame structures; these range from very refined and complex local models to simplified global models (D'Ambrisi and Filippou 1997 , Taucer et al. 1991 . In the case of frame structures, a numerical model based on the moment-curvature relation is often used. Since the first introduction of bilinear moment-curvature relationship by Clough and Johnson (1966) , many mechanical models for the hysteretic moment-curvature relationship have been proposed to analyze the behavior of RC beams subjected to cyclic loading. Such models include cyclic stiffness degradation (Chung et al. 1998 , Dowell et al. 1998 , Takeda et al. 1970 . Also, further modifications to take into account the pinching effect due to shear force and strength degradation after yielding of steel have been introduced (Roufaiel and Meyer 1987) . In addition, by using the bilinear, instead of a trilinear, hysteretic curve, a more simplified model has been proposed. Recently, the inclusion of the axial load effect has received the attention of many researchers (Assa and Nishiyama 1998, Watson and Park 1994) . Nevertheless, these models still have limitations in simulating exact structural behavior by excluding bond-slip and the Bauschinger effect.
In this paper, a curved hysteretic moment-curvature relationship is introduced. Unlike previously proposed models, bond slip effects are taken into account by defining the initial loading branch on the basis of the monotonic moment-curvature relationship introduced in previous paper (Kwak and Kim 2002) . The following curved hysteretic unloading and reloading branches are defined; the fixed-end rotation at the beam-column joint interface and the pinching effect caused by the applied shear force are also taken into consideration. The validity of the proposed model is established by comparing the analytical predictions with results from experimental and previous analytical studies. A correlation study between analytical results and experimental values from an RC frame structure subject to an earthquake loading testifies to the applicability of the introduced model to the nonlinear dynamic analysis of RC frame structures.
Proposed moment-curvature relation
The moment-curvature relation of a section is uniquely defined according to the dimensions of the concrete section and the material properties of concrete and steel. Since the gradient of the momentcurvature relation represents the elastic bending stiffness EI, which includes all the section properties in a typical loading condition, using the moment-curvature relation instead of taking the layered section approach abbreviates the accompanying sophisticated calculations in the non-linear analysis such as the determination of the neutral axis and the change of the elastic stiffness. This is why the non-linear analysis of RC beams based on the moment-curvature relation is used in this study.
Under cyclic loading, the shape of the moment-curvature relation of RC sections is very much governed by the shape of the cyclic stress-strain loop for the steel because the applied moment is carried very largely by the steel reinforcement placed in a section after the first yield excursion. In addition, the Bauschinger effect of the steel causes the moment-curvature relationships to be curved after the first yield excursion and follows the rounding and pinching in the moment-curvature loops. This implies that there will be less energy dissipation per cycle than in the generally assumed parallelogram of classical elastoplastic behavior Johnston 1966, Takeda et al. 1970) .
All of the hysteretic moment-curvature relations proposed to date are based on the assumption of a perfect bond while defining an initial elastic loading branch. In addition, linear inelastic unloading-reloading branches have been assumed (Clough and Johnston 1966 , Chung et al. 1998 , Roufaiel and Meyer 1987 , Spadea and Bencardino 1997 . These assumptions, however, may lead to a greater difference in structural response as the deformation increases. Accordingly, to improve the structural behavior of RC beams under cyclic loading and large deformations, the bond slip effect need to be considered, and a curved idealization of the moment-curvature relation, introduced in this paper by referring to the cyclic stress-strain curve of steel (Menegotto and Pinto 1973) , takes into account the bond-slip effect. The proposed model is presented in two steps: construction of the monotonic envelope curve and definition of subsequent hysteretic moment-curvature curves; the model can be divided into four different regions as described below.
Region 1 (An initial elastic branch with stiffness EI 00 in Fig. 1 ): This region characterizes elastic loading and unloading as long as the positive yield moment M y or negative yielding moment −M y is not exceeded. Unlike the previously introduced hysteretic models (Chung et al. 1998 , Clough and Johnston 1966 , Roufaiel and Meyer 1987 , Takeda et al. 1970 , the bond-slip effect is already taken into consideration while defining the initial stiffness EI 00 in Fig. 1 . Selection of an initial elastic branch dominantly affects the structural behavior because it serves as an initial reference asymptote whenever subsequent inelastic unloading or reloading begins (see subsequent asymptotes with EI 00 in Fig. 1 ). If it is defined on the basis of the perfect bond assumption as well as the previous models, the stiffness degradation, gradually increased with the increase of deformation, cannot be simulated effectively. If a perfect bond is assumed, the stiffness of the initial unloading asymptote will be greater than EI 00 , and it will be followed by stiffer subsequent unloading branches than those defined in Fig. 1 . Especially at the beam-column joint where the structural response is dominantly Fig. 1 Proposed moment-curvature relation in beam (Kwak and Kim 2002) affected by bond-slip, use of the elastic branch considering the bond-slip effect gives a more exact structural response under cyclic loading. More details for the derivation procedure of the monotonic skeleton curve can be found in the previous paper (Kwak and Kim 2002) .
Region 2 (curved region of point A to point B in Fig. 1 ): When unloading or reloading starts, the moment-curvature response of a section initiates with a very similar shape to the stress-strain relation of steel; that trend continues during the closing of cracks because the structural behavior in this region is dominantly affected by the amount of longitudinal tension and compression reinforcement embedded. Consequently, this phenomenon makes it possible to define the momentcurvature relation by the following formula inferred from the hysteretic curve of steel (Pinto and Giuffre' 1970) , and its application is limited in the region from the moment reversal point (point A(φ r , M r ) in Fig. 1 ) to the crack closing moment (point B in Fig. 1 ) at which the unloading or reloading curve meets the initial elastic branch.
(1) where Eq. (1) represents a curved transition from a straight line asymptote with slope EI 0i to another asymptote with slope EI 1i (see Fig. 1 ) at the i-th load reversal after yielding of the RC section. EI 0i is the modified flexural stiffness of the initial elastic stiffness EI 00 , and the difference between EI 0i and EI 00 represents a progressive stiffness reduction due to concrete cracking and local bond deterioration of the concrete-steel interface. EI 0i is somewhat smaller than EI 00 , and it gradually decreases as deformation increases. The calculation of EI 0i can be inferred from Fig. 1 . EI 1i is the slope of a straight line connecting the point D(φ 0 , M 0 ), where the two asymptotes of curve (a) and the initial reference asymptote with slope EI 00 meet, and the point C(φ max , M max ) where the last curvature reversal with moment of equal sign took place (see Fig. 1 ). Unlike the steel model where the hardening parameter has a fixed ratio (Menegotto and Pinto 1973, Pinto and Giuffre'1970) , the hardening parameter p in Eq. (1) changes according to the loading history and is assumed to have a ratio between slope EI 0i and EI 1i at the i-th load reversal because an already cracked section cannot sustain as many moments as an uncracked section due to the presence in the compression region of open cracks. The points D(φ 0 , M 0 ) and A(φ r , M r ) will be updated after each curvature reversal.
Two basic changes, compared to the previous straight line approximations, are implemented in this paper: (1) use of the initial elastic branch considering the bond-slip effect; and (2) adoption of the curved hysteretic loop on the range from the moment reversal point to the crack closing moment. The straight lines, which were defined as the unloading and reloading paths in the previous models, are utilized with the asymptotes in defining the curved hysteretic loop in this study.
Moreover, a critical issue in the curved hysteretic loop is the determination of parameter G in Eq. (1), since it influences the shape of the transition curve even though the influence of the G value may not be great in the structural behavior. The G value in Eq. (1), however, cannot be determined easily because the shape of the transition curve depends on many variables, i.e., the amount of compression and tensile steel and its relative ratio, the amount of effective strain hardening, the moment to shear ratio, shape of the cross section, etc. To solve this problem while maintaining the basic concept used in defining ξ, which represents the normalized plastic deformation in the steel model, the layered section approach is adopted on the basis of the material
models used (Menegotto and Pinto 1973, Taucer et al. 1991) .
When an RC section is subjected to monotonic or cyclic loading, the moment-curvature relation of the section is uniquely defined according to the dimensions of the concrete section and the material properties of concrete and steel. If the curvature is increased in steps corresponding to the curvature ductility ratio (φ /φ y ) increments of one unit, the moment-curvature relation can be constructed through the layered section approach, as shown in Fig. 3(a) . With an arbitrary assumed G j value for each ξ j value, the moment corresponding to each curvature φ i can be calculated from Eq. (1). Since the transition curve maintains a convex form due to the dominant influence of steel embedded in a section and since its shape depends on the parameter G j , the repeated assumptions of G j by the bi-section method may be continued until the summation of differences between the moment by the layered section approach, M layer , and that by Eq. (1), M * , satisfies the specified tolerance. In advance, a value G j corresponding to ξ j , which gives the minimum difference, can be finally determined on the basis of a square root of the sum of the squares (SRSS). After determining the values G j that correspond to each ξ j , the relation between G and ξ is constructed by the nonlinear regression. Fig. 3 shows the analytically constructed moment-curvature relation, the variation of G according to the loading history for a typical section, and the obtained regression curve of G(ξ ). The same G 0 value used in the steel model is assumed.
During unloading and reloading from an inelastic, a significant reduction in stiffness occurs as the number of alternating loading cycles increases. Accordingly, neglecting loss of stiffness may lead to an over-estimation of the energy absorption capacity of the structure and also to a reduction of load carrying capacity of the structure. Most importantly, the constitutive model for the hysteretic moment-curvature curve proposed to date considers the stiffness degradation on the basis of the Takeda model (1970) . The same rule is also taken into consideration in this paper (see Fig. 1 ).
Region 3 (linear region from point B to point C in Fig. 1 ): The second branch of the reloading curve describes the behavior after crack closure up to the second branch of the primary momentcurvature curve. Since the structural behavior in this region represents the proportional increment of the load carrying capacity, the moment-curvature curve is assumed with the following linear relation (2) where EI 2i is the slope of straight-line connecting the points B and C(φ max , M max ) at the i-th load reversal.
Region 4 (yielding region after the point C in Fig. 1 ): The second branch of the primary momentcurvature curve can be expressed as: (3) where EI 10 is flexural stiffness of the monotonic envelope after yielding.
Modification of moment-curvature relation

Shear effect on moment-curvature relation
As is well known through experimental study (Fang et al. 1993 , Ma et al. 1976 , Popov et al. 1972 , for beams with a shorter span or with a higher nominal shearing stress, it takes fewer cycles to reach failure and the recorded load-deflection hysteretic loops exhibit a progressive pinching of loops due to shear deformations. This in turn leads to a reduction in the energy dissipation capacity of the beam. To reflect the pinching effect according to the shear span length into a hysteretic moment-curvature relation representing the bending behavior, Meyer et al. (1987) proposed a modification of the reloading branch on the basis of the empirical results (Ma et al. 1976 , Popov et al. 1972 . Because of its simplicity in application and computational convenience, determination of the characteristic point B'(φ p , M p ) on the original elastic loading curve, by which the new asymptote with the bending stiffness is defined (see Fig. 4 ), follows the same criteria as those proposed by Meyer et al. 
Namely, the pinching effect is taken into consideration in the hysteretic moment-curvature relation by using , the slope of asymptote connecting points D(φ 0 , M 0 ) and B'(φ p , M p ), instead of EI 1i used in Fig. 1 . The hardening parameter p of the curved reloading branch is determined on the basis of the two straight line asymptotes with stiffness EI 0i and (see Fig. 4 ).
Axial force effect on moment-curvature relation
When an RC beam section is subjected to axial load, no unique moment-curvature relation can be expected because the axial load influences the curvature. As inferred from the P − M diagram of an RC section, the ultimate resisting moment M increases almost proportionally to the axial load P until the RC section reaches the balanced failure point in the P − M intersection diagram. However, it is evident that the ductility of the section is significantly reduced by the presence of the axial load. Because of the brittle behavior of an RC section at even moderate levels of axial compressive load, to improve the ductility of the RC section, the ACI 318 (1995) recommends that the ends of columns in ductile frames in earthquake areas must be confined by closely spaced transverse reinforcement when the axial force is greater that 0.4 of the balanced load P b .
In advance, as well known through the experimental studies (Low and Moehle 1987 , Park et al. 1972 , Wight and Sozen 1975 , the hysteretic moment-curvature relation of an RC section subjected to axial load represents a marked pinching of loops because the axial force acts to close open cracks and cause a sudden increase in stiffness after crack closing. Consequently, ignoring the increase of the ultimate resisting moment and the pinching phenomenon in the RC beams subjected to the axial force may lead to an incorrect structural response. However, as mentioned in previous experimental studies (Low and Moehle 1987 , Park et al. 1972 , Wight and Sozen 1975 , the presence of an axial compressive load slows the decay in strength and stiffness of RC beams with cycling and relieves the pinching phenomenon by the shear force. Therefore, it may not be necessary to consider the axial force effect simultaneously with the shear force effect while defining a hysteretic momentcurvature relation. To reflect the axial force effect into a hysteretic moment-curvature relation, modifications of the monotonic skeleton curve and of the unloading and reloading branches are required. Firstly, the monotonic skeleton moment-curvature curve ( in Fig. 5 ) can be constructed by beam analysis with an axial force in accordance with the proposed algorithm in the companion paper. If it is assumed that the line in Fig. 5 corresponds to the monotonic skeleton curve for the beam without an axial force in Fig. 1 and the line in Fig. 5 to the straight line asymptote in Fig. 1 , respectively, then the modified asymptote in Fig. 5 can be constructed on the basis of the energy equilibrium condition.
Since external work by axial force lower than the balanced load P b can be ignored due to the negligibly small axial deformation, the internal energy represented by the area within the hysteretic loop must maintain a constant value regardless of the applied force. This implies that the area of the triangle ∆DBF will be the same as that of the triangle ∆FMC in Fig. 5 . Point B in Fig. 5 which defines the modified crack closing point, is finally determined through calculation of the constant k in Fig. 5 . When the constant k is represented by , it can be simplified as the following equation from the area equality of two triangles (∆DBF = ∆FMC):
Moreover, the remaining procedures to define the curved reloading and unloading branches and the following straight line branches are the same as those introduced in the proposed momentcurvature relation in Fig. 1 . Finally proposed moment-curvature relation considering axial force effect can be seen in Fig. 6 . 
Consideration of fixed-end rotation
Unlike the critical region located in the vicinity of beam mid-span as well as the ends of longspan beams, the behavior of the critical region at the beam-column joint of relatively short-span beams may be greatly affected both by the shear and also by the details of anchoring the beam reinforcements. In particular, slippage of the main bars from the anchorage zone accompanies the rotation of the beam fixed-end, θ fe , which cannot be simulated with any mechanical model, and this rigid body deformation may be increased as the deformation increases (see Fig. 7 ). Consequently, its exclusion may lead to an over-estimation of the energy absorption capacity of the structure. Accordingly, to simulate the structural behavior more exactly, we need to take into account the fixed-end rotation because most of the structural behaviors under lateral loads are concentrated at the beam-column joints with narrow width, especially in the case of slender multi-story buildings.
This range is called the plastic hinge length. Various empirical expressions have been proposed by investigators for the equivalent length of the plastic hinge length l p . Since the structure is modeled with beam elements whose displacement field is defined by the average deformation of both end nodes, the ultimate capacity can be overestimated if the plastic hinge length is not preciously taken into consideration. In this study, the relatively simple equation of l p = 0.25d + 0.075z, proposed by Sawyer (1964) , was used, where d and z are the effective depth of section and distance from the critical section to the point of contraflexure, respectively. Since the plastic hinge length increases in proportion to the axial force, therefore, it may be difficult to estimate the plastic hinge length of an axially loaded member by this simple equation only. Accordingly, the plastic hinge length of l p = xh proposed by Bayrak and Sheikh (1997) was established as an upper limit value for the plastic hinge length, where h is the section depth and x is the experimental parameter ranged from 0.9 to 1.0.
To account for the fixed-end rotation in the numerical analyses, it is common to reduce the stiffness, EI, in the moment-curvature relation for the elements located at the ends of beam with the range of the plastic hinge length l p (see Fig. 8(b) and Fig. 9 ). If a beam with the rotational stiffness k θ at both ends is subjected to a horizontal force P, as shown in Fig. 8(a) , the corresponding horizontal drift ∆ 1 can be obtained. (6) where the first term means the contribution by the bending deformation of the beam and the second term by the end rotational stiffness k θ .
When the same force acts on a beam with the reduced stiffness EI eq at the both ends, as shown in Fig. 8(b) , the horizontal deflection ∆ 2 also can be calculated by the moment area method.
(7)
From the equality condition of , the equivalent stiffness EI eq can be determined by
Where , The same derivation procedure for the cantilevered beam is applied and the equivalent stiffness EI eq obtained in this case has the same form as Eq. (8) except the parameter β has the form of From the above equation, if the stiffness ratio α fe is defined by α fe = EI/EI eq the modified curvature can be expressed as where φ flex represent the curvature at the fixed-end of the beam due to the flexural behavior. The modified stiffness of the initial elastic branch, , and that of the following inelastic branch, , can be defined by from the relations of M y = EI 00 φ y = =EI eq α fe φ y and M − M y = EI 10 (φ − φ y ) = where φ y and M y are the curvature and moment at the yielding of a section, respectively (see Fig. 9 ).
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However it is almost impossible to conduct experiments on all the beam elements used in a structure to obtain the rigid body rotation or deflection of each member. In this case, the relation between the steel stress and crack width, introduced on the basis of analytical or experimental studies, can be utilized (Harajli and Mukaddam 1988 , Monti et al. 1997 , Oh 1992 , Saatcioglu et al. 1992 . By assuming that a half of the crack width, when the steel yields at the laterally loaded RC beams, corresponds to the anchorage slip of the reinforcing bar, ∆ fe , the rotational stiffness k θ can be defined by (9) where c is the distance from the extreme compression fiber to the neutral axis. The neutral axis depth c maintains an almost constant value of c = α · d from the initial cracking up to the yielding of the reinforcing steel.
Solution algorithm
For the analysis of RC beams, Timoshenko beam theory was used in this study (Owen and Hinton 1980) . Since this theory is well established and widely used in the analysis of beams, more details for the formulation of beam elements can be found elsewhere (Owen and Hinton 1980) . In a typical Timoshenko beam, it is usual to assume that normal to the neutral axis before deformation remains straight but not necessarily normal to the neutral axis after deformation. In addition, the effects of shear deformation are not taken into consideration in simulating nonlinear behavior since the normal bending stresses reach a maximum at the extreme fibers, where the transverse shear stresses are at their lowest value, and reach a minimum at mid-depth of the beam, where the transverse shear stresses are highest. Thus, the interaction between transverse shear stresses and normal bending stresses is relatively small and can be ignored. This means that the flexural rigidity EI is replaced by that corresponding to the curvature calculated from the nodal displacements by φ = (θ i − θ j )/l, whereas the shear rigidity of beam element GA is assumed to be unchanged, where θ i and θ j mean the rotational deformations at the both end nodes, and l is the element length.
Since the global stiffness matrix of the structure depends on the displacement increments, the solution of equilibrium equations is typically accomplished with an iterative method through the convergence check. The nonlinear solution scheme selected in this study uses the tangent stiffness matrix at the beginning of each load step in combination with a constant stiffness matrix during the subsequent correction phase; that is, the incremental-iterative method. All the remaining algorithms from the construction of an element stiffness matrix to the iteration at each load step are the same as those used in the classical nonlinear analysis of RC structures. More details can be found elsewhere (Kwak and Filippou 1990 , Kwak and Kim, S.P. 2001 , Kwak and Kim, D.Y. 2001 , Owen and Hinton 1980 .
In this paper, only the dynamic equilibrium equation for a multi-degrees of freedom system is briefly introduced. When a structure is subjected to ground acceleration , the incremental equation of dynamic equilibrium can be written as (10) where ∆u, and are the incremental displacement, velocity, and acceleration vectors during the time step ∆t, respectively. M, C, and K are the mass, damping, and stiffness matrices, respectively. ∆P is the increment of external loads during the time step ∆t and is given by ∆P = , where {1} is a unit vector. A lumped mass matrix M and Reyleigh damping matrix C are used in the analysis. The time history analysis of a structure is based on the average acceleration method which is one of two special cases of Newmark's method because it does not require iteration in solving Eq. (10). More details can be found in the reference (Chopra 1995) .
Numerical applications
RC beams subject to cyclic loadings
In order to establish the applicability of the proposed hysteretic moment-curvature relation, two RC beams are investigated and discussed. These beams are specimen 40.048 (COLUMN1) experimented on by Wight and Sozen (1975) and specimen 1 (COLUMN2) experimented on by Low and Moehle (1987) . The material properties of each specimen are summarized in Table 1 .
The first specimen 40.048 consists of a reinforced concrete cantilever beam with a span length of 87.6 cm, which was subjected to cyclic concentrated lateral and axial loads at the free end (see Fig. 10 ). The plastic deformation is concentrated at the end of the beam with narrow width,
accompanying fixed-end rotation that occurs in addition to elastic rotation at the large deformation stage. To simulate more exact structural behavior with the beam element formulated on the basis of the average deformation in an element, separate consideration of this region is required in the finite element modeling. The plastic hinge length, l p , is determined to be 20 cm, which is three times greater than the concrete cover. Accordingly, the specimen is modeled along the entire span with an element of l = 10 cm.
As introduced by the load-deflection relations shown in Fig. 11 , a direct application of the Takeda model (1970), which was designed for a beam element without an axial load, leads to an incorrect Table 1 Material properties used in application structural response. This is because the classical hysteretic moment-curvature relations for the beam element (Clough and Johnston 1966 , Dowell et al. 1998 , Roufaiel and Meyer 1987 , Takeda et al. 1970 do not take into account the increase of the ultimate resisting moment and the pinching phenomenon due to the axial load. On the other hand, the proposed model effectively estimates the ultimate resisting capacity and simulates the pinching phenomenon even at the large deformation stage (see Fig. 11(b) ). Accordingly, more exact prediction of structural response for RC columns and/or prestressed concrete beams subjected to an axial force requires the consideration of the axial force effect. The second specimen (COLUMN2) is selected to show the effects of bond-slip and fixed-end rotation on the structural response. The geometry and cross section dimensions are presented in Fig. 12 , and this example structure is modeled along the entire span with an element of l = 5 cm from consideration of the plastic hinge length.
This structure was analyzed by Filippou et al. (1991) on the basis of the layered section approach, and Fig. 13(a) shows the obtained load-deflection relation. Unlike the Takeda model (1970), the numerical results by Filippou et al. also simulate the ultimate resisting capacity effectively because the axial force effect is included in their formulation by considering the axial force equilibrium condition on a section. However, the layered section approach represents slightly stiffer structural behavior than the experimental data. This difference seems to be caused by ignoring the bond-slip effect and fixed-end rotation. Since the layered section approach is based on equilibrium and compatibility conditions between each imaginary layer, the bond-slip effect cannot be taken account, and unrealistic stiffer structural behavior deepens as the deformation increases, following overestimation of the energy absorbing capacity of a structure. In particular, the stiffness degradation is generally accompanied by a decrease of shear stiffness as the deformations increase. However, the layered section approach has a limitation in simulating this phenomenon because it is based on the bending behavior.
On the other hand, as shown in Fig. 13(b) , the proposed model effectively simulates the stiffness degradation and pinching phenomenon due to the application of axial load. This result seems to arise from the fact that the bond-slip effect and fixed-end rotation have already been included during construction of the monotonic skeleton curve of the moment-curvature relation (see Fig. 1 ). More comparison of analytical results with experimental studies for RC beam members can be found elsewhere Kim 1998, 2002) . 
RC frame structure subject to dynamic loading
The ability of the introduced model in describing the dynamic response of RC frame structures is assessed by correlation study between analytical and experimental results. The RC frame structure is specimen RCF2, which has been tested on the shaking table by Clough and Gidwani (1976) . As shown in Fig. 14 , this structure is a two-story, one-bay RC frame subject to a simulated strong base motion and is a 0.7 scale model of a two-story office building representative of common design and construction practice. The concrete blocks were added on every floor to take into account the influence by the floor mass and self-weight when a base acceleration acts, and the N69W Taft record from the Arvin-Tahachapi earthquake of July 1952, scaled to peak acceleration of 0.57 g and referred to as W2 (see Fig. 15 ), was used. Since the response of this frame structure is dominantly affected by flexural and anchorage slip of reinforcing bar but strength degradation due to shear deformations is expected to be small, the influence of the anchorage slip on the nonlinear response of RC frame structure can effectively be investigated through this example structure. The nonlinear responses of RC columns seem to be more remarkable in this example structure than with most building structures because smaller bending stiffness EI are assigned to columns (see Table 2 ). The geometry and reinforcing details of the test frame as well as the arrangement of the shaking table and the conduct of the test are described in detail in Reference (Clough and Gidwani 1976) . Also, the section properties mentioned by Dámbrisi and Filippou (1997) are used for the correlation study in this paper. The values of section properties for each member can be found in Table 2 . The axial force effect is taken into consideration in these values. According to the equation proposed by Saywer (1964) , the plastic hinge length l p is determined to be 20 cm. Therefore, the end regions of each member are modeled with an element of l = 5 cm, and the other regions at each member are equally idealized by using 10 elements.
The time history response of the example structure, obtained by using the Takeda model in which the linear inelastic unloading-reloading branches have been assumed, are compared with experimental data in Fig. 16 and Fig. 17 because this linear model is popularly used in the time history analyses (Takeda et al. 1970) . First, as shown in Fig. 16 representing the time histories for the bottom and top floor displacement, a little difference between experimental and analytical results is observed. In particular, in spite of the quite satisfactory agreement in the maximum displacement values, a slight phase shift at the initial stage results in a noticeable discrepancy between the experimental and analytical results in the last stage of the response time history. This phenomenon seems to be caused by the overestimation of the structural stiffness. Because the bond-slip effect is not taken into account in the Takeda model, the bending stiffness EI at the unloading, reloading, and loading phases is overestimated, and this accompanies the underestimation of deformations and a decrease in the response period in the analytical results as the time history continues.
In advance, as mentioned in the previous example structure COLUMN1, a direct application of the Takeda model leads to an incorrect structural response because the axial force effect is not considered. Correlations of story shear between analytical results by Takeda model in Fig. 17 and experimental data in Fig. 18 also show that the Takeda model slightly underestimates the ultimate resisting capacity of columns located at bottom and top story and pinching phenomenon is not effectively simulated. This result indirectly explains why the classical hysteretic moment-curvature relations designed for the beam element can not be used without any modification in the analysis of a beam subjected to a relatively large axial load. The numerical results obtained on the basis of a hysteretic moment-curvature relation with the monotonic skeleton curve constructed by considering the axial force effect (see Fig. 5 ) are shown in Fig. 19 . Still, a noticeable discrepancy between experimental and analytical results remains in this figure in spite of consideration of the axial force effect. This difference can be attributed to an inaccurate consideration or exclusion of the anchorage slip concentrically occurred at the end region of each member. Fig. 19 also shows that the overestimation of the stiffness induced by ignoring the anchorage slip causes a slight phase shift at the initial loading stage results but leads to a remarkable decrease in the structural displacement as the loading stage continues while representing an increasing discrepancy between the experimental and analytical results. Therefore, the quite satisfactory correlation between experiment and analysis can not be expected without considering the anchorage slip effect.
As mentioned in Eq. (8), determination of the equivalent stiffness EI eq with consideration of the anchorage slip effect requires the calculation of the end rational stiffness k θ . Therefore, the value k θ = 57.6 × 10 6 kg · cm as determined by Dámbrisb and Fillippou (1997) on the basis of the numerical simulation is also adopted in this paper. As mentioned before, however, the end rotational stiffness k θ can not be usually defined as an unique value prior to the numerical simulation, and it is also impossible to conduct experiments for all the members in a structure to obtain the rigid body rotation. In this case, the analytical approach introduced in Eq. (9) can be used. The plastic hinge length and the equivalent stiffness mentioned in Eq. (8) are l p = 20 cm and EI eq = 639 × 10 6 kg · cm 2 , respectively, in this example structure. Fig. 20 and Fig. 21 show the final numerical results, which represent very good agreement with experimental results. Comparison of these figures with Fig. 19 and Fig. 17 indirectly illustrates why the previous numerical models may have some difficulties in the modeling of beam-column joints and why the fixed-end rotation and the pinching effect due to the applied axial must be taken into consideration to obtain a more realistic simulation of the structural behavior. If the anchorage-slip effect is not considered, larger differences from the experimental data are expected in the dynamic loading case than in the cyclic loading and/or monotonic loading cases since the slopes of the initial elastic branch and subsequent inelastic unloading-reloading curves in a hysteretic moment-curvature Fig. 19 Correlation of displacement response ignoring the anchorage slip effect relation are overestimated. This overestimation may cause a rapid decrease in the structural response as the loading stage increases and also may give a different collapse condition from the experiment when a structure with multi-degrees of freedom is subjected to a severe dynamic loading.
Careful investigation of the obtained numerical results in Fig. 20 and Fig. 21 yields the following observations: (1) The maximum response value for the bottom story displacement is increased by more than 30% as the anchorage slip effect is taken into account; (2) In general, very satisfactory agreement between experimental and analytical results is observed for the displacement time histories through the entire time range. Nevertheless, a slight discrepancy still exists in the last stage of the response time history. This result seems to be caused by the fact that a gradual stiffness degradation, even at the same loading condition, is induced in the experiment after the yielding of reinforcing bar due to an increase of crack opening and anchorage slip; (3) The story shears in Fig. 21 reveal that most nonlinear responses and damages to the example structure are concentrated at the bottom-story columns, while the top-story columns suffer little damage. The characteristic pinching of the hysteretic relation, caused by the axial force effect and the anchorage slip, seems to be evident in Fig. 21(a) . Moreover, this figure indirectly explains the importance of considering the plastic hinge region in a member, where decrease of the bending stiffness are concentrated; (4) Finally, these figures confirm that the numerical model introduced in this paper can effectively be applied to the nonlinear dynamic analysis of RC frame structures.
Conclusions
This paper concentrates on the introduction of a moment-curvature relation of an RC section that can simulate the cyclic behavior of RC beams. Unlike most mathematical or mechanical models found in the literature, the proposed model has taken into account the bond-slip effect, the Bauschinger effect of the steel, axial force effect, and fixed-end rotation at the fixed end of a beam. A modification of the proposed moment-curvature relation has also been introduced to take into account the stiffness degradation and pinching effect on the basis of the Meyer model (1987) in the case of shear dominant structures. A modification of the hysteretic moment curvature relation to consider an increase of the ultimate resisting capacity and the pinching phenomenon in the axially loaded RC beams is also introduced on the basis of the energy conservation. The application of the proposed model extends to an RC frame structure subject to dynamic loading. However, in spite of many numerical and mechanical models considering the strength degradation (Chung et al. 1998 , Dowell et al. 1998 , Takeda et al. 1970 and axial hysteretic behavior (Cheng 2001) , these effect are not included in the proposed model. An additional concern for the strength degradation under cyclic loading beyond the yield strength may be required to estimate the exact damage level undergone by a section after a certain number of cycles. The system identification (SI) method may be applied to construct a strength degradation model that can give a more rational damage assessment. Furthermore, since vertical ground motion can cause columns in tension and compression, relation between axial and transverse hysteretic behavior can be considered in order to achieve a comprehensive response behavior.
Through correlation studies between analytical results and experimental values from typical RC beam and frame tests, the following conclusions are obtained: (1) The inclusion of pinching effect is important in structures dominantly affected by shear; (2) to accurately predict the structural behavior of the beam to column subassemblage where the nonlinear response is concentrated, a modification of the moment-curvature relation to consider the fixed end rotation due to anchorage slip is strongly required; (3) to effectively simulate axially loaded RC beams, the axial load effect must be considered; and, finally, (4) the proposed model can be effectively used to predict the structural response under cyclic loading, and its application can effectively be extended to the dynamic analysis of a frame structure.
